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TRANSPARENT AND CONDUCTIVE OXIDE LAYER AND 
METHOD OF MAKING SAME AND USING IT IN A THIN-FILM SOLAR CELL 



The invention relates to a production method for a 
transparent, conductive zinc oxide film that is particularly suited 
for use in a thin- film solar array. 



State of the Art 
Solar modules on the basis of the crystalline Si-wafer 
technology have proven their efficiency and reliability for years. 
Modules in thin- film technology that are based on semi-conductors 
10 and are applied across large surfaces on inexpensive substrates 

such as glass, metal or plastic films are not quite as established 
yet, however offer great cost savings potential due to the low 
material consumption and a large surface production. 
In_thin-f ilm__technology,_the_cell_and_module_development 



is from hydrogenated amorphous silicon (a-SisH) has progressed the 

farthest. The basis of these a-Si:H cell concepts generally is the 
p-i-n superstrate configuration with the layer sequence: substrate 
(glass ) / transparent electrode (fluorine -doped tin oxide) / p- 
doped silicon^carbide^V undoped a-Si:H / n-doped a-Si:H metal. 
With this configuration, the sunlight penetrates from the substrate 
side into the active undoped absorber film that is typically 0.5 ym 
thick. 

Silicon thin-film solar arrays require a transparent and 
conductive oxide layer (TCO layer) with a rough surface that 
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scatters the incident light on the interface to the silicon in the 
solar cell such that the light passes through the solar cell 
multiple times. Optimally, the light is thus completely absorbed. 
On the laboratory scale, a zinc oxide (ZnO:Al) layer doped with 
aluminum was used as a film suitable for this, which was supposed 
to be produced inexpensively in large volume. In addition to the 
high permeability to visible light, these TCO layers must show a 
low resistivity level. 

For the production of a rough TCO layer in principle two 
different methods are known from the literature. In the first 
case, a TCO layer of this type can be obtained through the specific 
growth of a rough film by suitably controlling it during 
production. This method is currently used to produce large-surface 
rough tin oxide layers with the help of a chemical vapor deposition 
(CVD) technique. 

With the second method, initially a smooth TCO layer is 
produced that is subsequently correspondingly roughened by 
employing an etching process. The latter process is currently the 
topic of intense research and is being studied to be able to 
transfer it to the industrial production of large surfaces. In 
this method, zinc oxide, particularly zinc oxide doped with Al 
(ZnO:Al) is used. Corresponding films are produced by means of 
cathode evaporation (sputtering). Compared to the films grown in 
the raw state, they have significantly improved electrical and 
optical properties. These properties are influenced significantly 
by the process parameters, particularly the pressure and 
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temperature levels used during the sputtering process. After the 
sputtering operation, these films however as a rule do not show the 
required roughness yet. This means that they are visually smooth 
and have no light scattering effect. These films are therefore 
generally subjected to a wet-chemical etching operation in a 
subsequent process step to roughen them. 

Highly conductive and transparent ZnO films can be 
produced both through reactive sputtering techniques of metallic Zn 
and through non-reactive or partially reactive sputtering 
techniques of ceramic targets. 

So far, RF sputtering from ceramic targets has been very 
successful. By bombarding it with Ar ions, a target of the 
respective film material is removed and deposited on a substrate 
disposed opposite thereof. The combination with other methods, for 
example the evaporation of individual elements (hybrid sputtering) 

or a<taixing_oJL_a„reacJt^ (N 2 , Q 2 or also ozone) to the plasma 

(reactive sputtering), is possible. 

The literature [1] describes the related art for the 
large- surf ace production of ZnO films with the help of the reactive 
magnetron sputtering method. In this method, the substrate 
"temperature~i"s"maintained~at — no more than 200 °C. The operating 
point is optimized by controlling the generator output, thus 
allowing a specific oxygen particle pressure to be stabilized. In 
an optimization of the film for the subsequent etching process, the 
sputtering pressure was varied during production as a central 
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parameter, as was the temperature within a closely defined range, 
however not above 200 °C. 

The ZnO layers described in [1] produced by reactive 
sputtering were developed with an industrial sputtering process and 
can also be etched. The layers produced this way have good 
conductivity and transparency properties, however they have the 
disadvantage of not showing optimal light -scattering properties. 
The efficiency of solar cells comprising these films is typically 
clearly lower than that of solar cells comprising the TCO layers 
produced with RF sputtering from ceramic targets. 

Object and Solution 

It is the object of the invention to provide transparent 
and conductive oxide layers (TCO layers) with improved optical and 
electrical film properties, which layers have a suitable surface 
structur e for u s e in thin-film s o lar arra ys . It is another ob j ec t 
of the invention to provide a corresponding production method that 
is fast and usable on a large scale for the large- surface 
production of the afore-mentioned films. 

The object is achieved with a method for producing a TCO 
layer-having all the~characteristics according to the main claim, 
with an improved TCO layer having the characteristics according to 
the additional independent claim, as well as with the use of a TCO 
layer of this type according to another independent claim. 
Advantageous embodiments of the method, the TCO layer and the use 
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thereof are revealed in the corresponding claims relating to these 
claims. 

Summary of the Invention 
In reactive sputtering processes, the operating point is 
5 generally set such that the manufacturing process produces films 

with optimal electrical and optical properties. The idea 
underlying the present invention is based on the fact that the 
operating point for the sputtering process is set such that it is 
not oriented exclusively on the film to be produced directly 
10 following the production process, but instead includes the 

subsequent etching process that typically follows for solar cell 
applications. 

The method according to the invention is a reactive 
sputtering method that uses a metallic Zn target. Power density 

is . levels of 5.3 W /cm 2 or 13 W /cm 2 are set that allow s tationary _ „ 

deposition rates of more than 150 nm/min or more than 400 nm/min to 
be achieved. This corresponds approximately to dynamic deposition 
rates of more than 40 nm*m/min or more than 110 nm*min when using 
dual -magnetron cathodes. 

20 The ~Zn~target™compr rses"a~ percentage of dopant s~. In 

addition to B, 6A, In or F, aluminum is also a suitable dopant. 
The doping content in the target is generally less than 2.3 at-%, 
particularly less than 1.5 at-% and advantageously between 0.2 and 
1 at-%. The doping content here relates only to the metallic 
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component, which means that oxygen is not included. Accordingly, 
the content of aluminum is based on: Al / (Al + Zn) . 

The target is generally used as a previously doped target 
in the process. Alternatively, however, the target can be doped 
reactively during the process via the gaseous phase. This can be 
achieved particularly by adding boroethane B 2 O e to the sputtering 
gases argon and oxygen. 

A low doping content advantageously results in improved 
transmittance in the film being produced. Transmittance values 
generally relate to an averaged value across the spectral region of 
400 to 1100 nm, meaning in the red and infrared spectral regions. 
At the same time, a low doping content reduces the concentration of 
the dopants, which also reduces the scattering effect in ionized 
interference locations and generally increases the mobility of the 
charge carriers. Aluminum has turned out to be a particularly 
effe ctive doping agent.. 

The substrate is heated to temperatures above 200 °C. 
Advantageous are temperatures above 250 °C, particularly above 
300 °C. While in literature [2] an increased risk of Zn 
contamination is predicted with increasing substrate temperatures, 

and^t here fore substrate~~temperatures of" no~more than 150 °C are 

recommended, the high temperatures routinely do not result in 
impairment from contamination even when operating the method 
according to the invention over several months. 

The production method generally requires monitoring of 
the reactive gas flow, or of the reactive gas partial pressure in 
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the deposition room. Oxygen is used as the reactive gas, and argon 
and oxygen are used as the sputtering gases. Alternatively the use 
of ozone is also conceivable. In general, Ar is used for the non- 
reactive sputtering operation, and oxygen and argon are used for 
sputtering oxide layers. In order to stabilize different operating 
points of the reactive processes in the transition mode, a plasma 
emission monitor (PEM) is used. The intensity of the emission line 
of atomic zinc is analyzed in order to control the oxygen supply to 
the reaction volume. An operating point is characterized by a 
fixed intensity of the zinc emission. Another stabilization 
possibility, for example, is to control the oxygen partial pressure 
that can be measured with a Lambda sensor, for example. 

Every operating point can result in a different material 
property of the ZnO:Al layer, particularly in different surface 
roughness levels, following the subsequent etching step. There- 
for e,_ ini t i a lly_ZnOL.layers_ar.e_pr.oduc ed__a t_di f f er ent„oper a t ing 
points in the preliminary stage, while otherwise maintaining the 
same process conditions. This means that with otherwise identical 
conditions such as deposition pressure, substrate temperature, 
output and film thickness, different stabilized operating points 
are set "aTong the - hyst~ere~sis~or in the unstable hysteresis region 
and thus corresponding films are produced. 

In order to stabilize different operating points of the 
reactive processes in the transition mode, a plasma emission 
monitor (PEM) is used. The intensity of the emission line of 
atomic zinc is analyzed in order to control the oxygen supply to 
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the reaction volume. An operating point is characterized by a 
fixed intensity of the zinc emission. 

With defined process parameters such as output, 
deposition pressure and temperature, the possible, stabilized 
operating points within the unstable process region have an S- 
shaped course. The operating point according to the invention is 
selected based on the following criteria: 

it is located in the unstable hysteresis region and 
requires process control, and 

it is located simultaneously in the upper, i.e. the 
metal, region of the hysteresis region. 

The films produced this way # however, all have to meet 
certain minimum requirements in terms of transparency and 
conductivity. The resistivity should be less than 1*10" 3 W cm, and 
the transmit tance rate should be greater than 80%. The more oxidic 
the„c.Qndi_tions,„ the greater the resistivity of the film in general. 

Prior to any subsequent treatment, the ZnO layers 
produced with the method according to the invention particularly 
show the following properties: 

The content of doping agent, particularly of aluminum, of 

the~film~that~is™produced is less" than 3.5 at-%, 

advantageously even less than 3 at-%, particularly 
less than 2.5 at-% and more than 1.5 at-%. 

The resistivity is smaller than 1*10' 3 W , particularly 
smaller than 5*10~ 4 W. 
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The charge carrier mobility is greater than 25 cm 2 /V s # 

particularly greater than 35 cm 2 /V s. 
The transmittance rate is greater than 80%, advan- 
tageously greater than 82%. The transmittance 
values apply for the glass substrate system with 
film and are averaged across the range usable for 
silicon solar modules between 400 nm and 1100 run. 
Following the production of the ZnO layer, subsequent 
treatment is carried out in the form of wet -chemical etching or dry 
etching. With this etching step, the surface of the ZnO layer 
becomes textured and is given a surface roughness that is 
responsible for allowing the high current density level when used 
in a silicon thin- film solar array. The method according to the 
invention produces an even surface roughness of the ZnO layer, for 
example an rms roughness of at least 30 nm and no more than 300 nm. 
The rou ghne ss gener ally increases wit h the et chin g duration up to a 
certain point. A lower roughness limit can be set from a nearly 
arbitrarily small value to an upper limit by varying the etching 
duration. At least more than 1 nm can be assumed as the lower 
limit, since a certain roughness is already present following the 
"~ sputter ing~process^ The - upper ""limit "depends on~ the developing 
surface structure. 

The rms roughness of the method (5^) following the 
etching process typically ranges between 30 nm and 300 nm. The rms 
roughness (root mean square roughness) is the mean roughness. For 
a: Si a mean roughness of 50 to 100 nm has proven to be 
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advantageous, for microcrystalline silicon solar cells it ranges 
between 50 to 300 nm. For stacked solar cells comprising both 
solar cell types mean roughness values between 50 and 200 nm are 
advantageous. 

It is only after this subsequent treatment step that the 
quality of the ZnO layer and the suitability as front contact for 
solar cells is verified most reliably by using it in a solar cell. 
During this process, particularly the photovoltaic characteristics 
are determined. This procedure is required because so far no 
reliable theoretical works exist that describe the properties of 
the film required for use in a solar cell in reliable terms. 
The etching conditions for the etching operation following the 
production of the ZnO:Al layers can be varied regardless of the 
layer properties. Therefore they are not part of the layer 
production parameters, on which the invention is based. Following 
e t chin g, the surface structure is determined substantially by the 
layer properties per se. A fine optimization can be achieved by 
varying the etching duration. Also the selection of the etching 
medium, for example an acid or lye, may influence the final 
results. In general, diluted hydrochloric acid (HCl) is used for 
roughening the~ films. ~ 

So far, the operating point for the sputtering process is 
set such that the optical and electrical properties of the ZnO 
layer are optimal. In contrast, the operating point is used in the 
method according to the invention as a crucial parameter for 
controlling the etching behavior of the layers. As a result, the 
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minimum requirements in terms of the electrical and optical 
properties are taken into consideration. 

An advantageous embodiment of the method according to the 
invention provides for the use of a dual magnetron arrangement with 
medium frequency (mf ) excitation. Furthermore, it has proven 
advantageous to carry out the method as a dynamic flow process, 
during which the substrate is moved back and forth beneath the 
carrier during sputtering. 

Specific Description 

The object of the invention will be explained in more 
detail hereinafter with reference to the figures and exemplary 
embodiments, without limiting the object of the invention. Therein 

FIG* 2 shows transmittance of ZnO.Al layers; 

FIG. 2 schematically shows discharge voltage (U) and 
plasma_emission_XEEM) intensityL_as__a_f unction_of_ oxygen„f low; 

FIG. 3 shows generator voltage and plasma emission (PEM) 
intensity as a function of oxygen flow with designation of the 
operating point according to the invention; 

FIG. 4 shows SEM surface images of different ZnO layers 
~follWingnetTching~in ~dirut^d"hydrochl6ric acid withTFIG. "4a showing 
a film produced with operating point according to the invention and 
FIG. 4b showing a film produced with less than optimal operating 
point in metal region. 
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FIG. 1 shows the transmittance of ZnO:Al layers that were 
sputtered from targets with different aluminum content. In the red 
and infrared regions of the spectrum, the transmittance rate 
decreases with increasing aluminum content. For applications in 
microcrystalline silicon solar modules a high transparency value of 
up to about 1100 nm is required, so a low aluminum content is 
advant ageou s • 

FIG. 2 is a schematic illustration of the hysteresis 
region (between the dotted lines) of the reactive sputtering 
process. In the case of low oxygen flow and high discharge 
voltage, the stable process window M is in the metal region, in the 
case of high oxygen flow and low discharge voltage, the stable 
process window is in the oxidic region 0. U M designates the 
discharge voltage during sputtering processes in the full metal 
region, U ox is the discharge voltage with fully oxidic processes. 
Additional ly_the^ f ollowing_meanings__applyL_for_the_upper,_part of 
FIG. 2: 

Region I unstable process region where process control is 
required, 

Region A process window for the operating points selected 

~ according to the invention with desired properties, 
Region O stable process window in the oxidic region, and 
Region M stable process window in the metal region. 
Point Ul transition point between the stable, metal 
process and the unstable process 
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Point U2 transition point between the stable, oxidic 
process and the unstable process 

Point W inflection point of the stabilized process curve. 

in the lower part of the figure, individual operating 
points to A 16 have been entered on a process curve of the 
intensity of plasma emission (PEM) for atomic zinc versus oxygen 
flow. The operating points are defined by a constant PEM intensity 
with the oxygen flow as the control variable. The points A 5 - A, 
designate operating points in the unstable region that are selected 
to be particularly suitable within the scope of the invention, 
while the operating points A 2 to A 4 produce optimal electrical 
properties in the produced films. 

Different operating points have similar effects on the 
transmittance of the films, such as different aluminum contents, 
for example. 

The_mor e_oxidlc__the_selec.t edL_operat ing_point_~ (.low PEM 

intensity) is, the higher the transmittance rate in the red and 
infrared regions. 

The region for suitable operating points selected within 
the scope of the invention can be designated in the upper part of 
FIGT - 2~as~the~regibn on~the process^curve between U^and W. This 
means that process-controlled operating points should be set that 
are located in the unstable, metal region. 

FIG. 3 illustrates this principle. Three series, each 
with different process parameters such as deposition pressure, 
output and temperature, have been entered versus oxygen flow. The 
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upper part shows the entries versus the generator voltage that is 
proportional to the discharge voltage. The three illustrated 
curves show a curve progression that is shifted in relation to the 
X-axis that is caused by the different output levels of 4, 8 and 10 
kw. In each series, the unstable process region is marked with 
dotted lines. In the curve in the center, additionally three 
select operating points D, E and F have been entered. 

In the illustration of the three series shown in the 
lower part of FIG. 4 [sic] versus the PEM intensity additionally 
two further operating points Aa and A b have been entered. 

FIG. 4 shows the scanning electron microscopic (SEM) 
surface images of ZnO:Al layers that were produced at the above- 
mentioned operating points A a and A b . Following the production, 
the films were etched in diluted hydrochloric acid (HC1) . FIG. 4a) 
shows a film image at the operating point A a that was selected from 

Jthe_regaon_according_to__the__invention. The me an_ roughness is about 

70 nm. 

In contrast, the film at the operating point A^ shows a 
clearly reduced roughness that creates a significantly lower 
efficiency level when used in a solar cell. 

The invention creates a method for producing conductive 
and transparent zinc oxide layers on a substrate, by reactive 
sputtering that consciously departs from the operating point for 
optimal electrical properties within a series and in contrast 
selects a operating point in the metal, unstable region of the 
process curve. 
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The table below shows the characteristics of solar cellj 
produced within the scope of the invention, which cells were 
produced on different ZnO substrates. The characteristics listed 
are the plasma intensity PEM, the deposition rate, the 
p in the film prior to etching, the efficiency h, the space 
FF, the open-circuit voltage 



and the short circuit current 



density J 8C . 
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The layers are shown in the different regions of the 

The 



is shown in FIG. 2 and the stabilization 
layers will be explained hereinafter. 
The layers with rough etching were used as substrates in 
solar cells. The characteristics of some layers and of the solar 
cells on these substrate layers are listed in the table. Region A 
designates the layers produced according to the invention. The 
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layers D-F show fine optimizations of the production parameters in 
this region. The layers 6-1 were produced in the metal region of 
the reactive process at the upper section of the hysteresis curve 
that corresponds to the present state of the art and supplies 
electrically the best layers. 

The modified etching behavior and the resulting surface 

* 

roughness may increase the electricity yield in the solar cells 
considerably (see Regions A and M) . Losses as a result of the 
increased resistivity on the other hand limit the efficiency of the 
solar cells in oxidically sputtered films. Film J (Region O) that 
due to the high resistivity is not suited as a contact layer, 
represents the extreme case. The changed electricity yield as a 
result of the operating point should be considered independently 
from the remaining production parameters, such as the substrate 
temperature and deposition pressure. The open-circuit voltage of 
Jt_he_s_o_lar_cj3l 1 s„can„te 

used. This effect, however, is comparatively low. The layers K-M 
with the designation K were produced at substrate temperatures of 
T 8 < 220 °C and clearly demonstrate that a high substrate 
temperature is necessary in order to produce good ZnO:Al substrate 
layers for~silicon solar cells: All characteristics of solar cells 
on a substrate that has been sputtered at temperatures that were 
too cold show deficits that are reflected in poor efficiency. A 
non-reactively sputtered layer N is provided as a comparison layer. 
The layer N shows the best properties in the solar cells, however 
cannot be used cost effectively for the industrial production of 



16 



V 

23672 PCT/DE2005/O00059 Transl. of WO 2005/071131 

solar modules due to the low deposition rate (Factor 10) • The 

latter and the layers from the Region A according to the invention 

show good efficiency levels of 8% and higher in the solar cells. 

State of the art cited in this application: 
[1] J. Muller et al, State-of-the-art mid-frequency 

sputtered ZnO films for thin-film silicon solar cells and modules. 

Thin Solid Films 442 (2003) 158-162. 

[2] B. Szyszka et al.. Transparent and conductive ZnO:Al 

films deposited by large area reactive magnetron sputtering, Thin 

Solid Films 442 (2003) 179-183. 
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